The paper reviews results of development of new composite foam substrates with the graded structure for the intermediate temperature SOFC and structured catalysts of fuels reforming. Ni-Al substrates with porosity of 60-80% were prepared by compressive deformation of open cell metal foams followed by pack aluminizing. Testing in corrosive media revealed advantages of Ni-Al substrates over Fechraloy ones. Button-size thin film solid oxide fuel cell supported on this substrate demonstrated promising performance in the intermediate temperature range. These substrates were shown to be compatible with nanocomposite active components for the fuel reforming comprised of Ni-based alloys strongly interacting with perovskite/fluorite complex oxides with a high oxygen mobility and reactivity. High activity and coking stability of these structured catalysts in steam/autothermal reforming of natural gas, ethanol and acetone was demonstrated without a remarkable impact of heat and mass transfer. A close performance was demonstrated for fuel cells operating on wet H 2 or in the mode of internal reforming of natural gas using these catalysts. A concept of the substrate with the graded pore structure and composition was offered. 
Introduction
The decrease of the SOFC operating temperatures to the moderate range within 600-800 o C is recognized to be the realistic way to reduce the SOFC manufacturing cost due to possible substitution of the superalloy and ceramic components by much cheaper ferrous alloys [1] . Dramatic decrease of the solid electrolyte ionic conductivity resulting from this temperature decrease can be compensated by its thinning to ~10 µm [2] , which requires an additional supportive component (substrate) in the SOFC design in order to ensure the electrolyte layer integrity during the SOFC preparation and operation.
Various thin solid oxide electrolyte layer supporting concepts are known and described in the literature [3, 4] . Thick functional supportive components (anodes and cathodes) ensure excellent integrity but hinder the mass transfer in the cell. Supporting on metallic interconnectors ensures excellent mechanical strength, but this concept is associated with the problems arising from the interconnector oxidation and the gaseous reactants' flow profile. At last, the concept with an additional supporting component -porous metallic substrate -can bring evident benefits over the other ones.
The state-of-the-art porous metallic SOFC substrates, their advantages and drawbacks are described in detail in Ref.
Porous substrates for intermediate temperature SOFCs and in-cell reforming catalysts [5] [6] [7] [8] [9] . As a summary, the substrate is typically a porous permeable body with porosity of 35-45% and pore size of 50-100 µm manufactured by sintering metal powders. Advantages of the concept with a porous metallic substrate compared to the functional supporting components are as follows: more stack tolerance to external mechanical loadings; less sensitivity to thermal cycling; less startup problems; elimination of strong temperature gradients; easier stack assembling and sealing by conventional technologies; functional layers can be thin, hence, less expensive structural materials prevail in the SOFC total weight. Fe-Cr ferritic steels with additives enhancing their corrosive properties and reducing evaporation of chromium are the most typical materials for the porous substrates due to their attractive combination of reasonable cost, corrosive resistance and match by thermal expansion. The problem of ions interdiffusion, however, has not been completely resolved yet, and deposition of conductive barrier coatings is required to prevent migration of Cr, Fe and Ni ions across the anode/substrate interface.
In this paper, the results of the recent researches of alternative porous substrates with graded porosity and composition for the intermediate temperature SOFCs (including structured catalysts for the in-cell fuel reforming) are summarized. The researches Then the foam with initial porosity of about 96% is subjected to compressive plastic deformation, which is the instrument to control the substrate's pore hydraulic diameter. Finally, the substrate pack aluminizing and oxidizing heat treatment are performed to create a coarse α-Al 2 O 3 layer on the pore surfaces and enhance the corrosive resistance. The pack aluminizing process described in detail in Ref. [11] ensures laminar Ni-Ni x Al y microstructure of the nickel foam struts, and the heat treatment in air at 1100-1200 o C results in the formation of the α-Al 2 O 3 layer with the thickness of 1-2 µm over the strut surfaces.
Effect of the compressive deformation strain ε upon the substrate pore hydraulic diameter d h and the Darcian permeability k µ is presented in Figure 2 (Ψ is the ratio of the initial metal foam height to the final one). 
The substrate pore structure
Pore structure of the supporting metallic substrate layer and its surface morphology are shown in Figure 1 . Initially, open-cell nickel foam is synthesized by the replication of polyurethane foam followed by sintering in the reducing atmosphere [10] . temperature -600 o C; testing duration -500-1000 h; contact load (to fix the not brazed samples between the interconnector plates) -0.5 kg/cm 2 .
Typical dependencies of the substrate-interconnector assembly ASR vs the testing time are demonstrated in Figure 4 and Figure 5 . The temperature in the testing chamber was 600 o C in all cases. When the samples were fixed between the interconnector plates without brazing (under the external compressive loading), the assemblies were periodically cooled to the room temperature. Peaks on the curves in Figure 5 correspond to ASR after cooling to room temperature.
As a summary, the tests revealed that the ohmic resistance of all the brazed substrates was very low (< 0.01 Ω·cm It was also stated that the steel interconnector surface was subjected to remarkable oxidation after 1000 h (Figure 8 ), which catalyst coking due to favorable conditions for the methane cracking is the most probable reason of the deactivation [12] .
The cations can be transferred during the deposition process or due to the hydrothermal processes during the steam reforming reaction, hence, a protective layer is required. NiAl substrates are advantageous in this respect.
SOFC preparation and testing
Preparation In Figure 10 , the following layers are marked: anode with the graded particle size in the NiAl substrate pores (1-3), 8YSZ
electrolyte (4) and LSM-1Sc10CeSZ cathode interlayer (5). The electrolyte layer thickness is ~10 µm.
The cell performance tests ( Figure 11 ) revealed that the power density of up to 500 mW/cm 2 at 700 o C could be attained with wet H 2 -air feeds. The SOFC sample size was 2 × 2 cm.
The oxidant (air ) flow was 200 ml/min, and the fuel (humidified hydrogen) flow was 100 ml/min. The current collectors were platinum gauzes with silver paste. After the anode reduction in the dry hydrogen flow at 700°С, the cell characteristics were measured in the temperature range of 600-800°C. High flow rates were used to characterize the button-size cell performance at near-constant concentrations of fuel and oxidant in the entire range of temperature and current density.
It should be noted that I/V curves overlapping was observed 700 °C and 800 °C for low current densities (see Figure 11 ). At low current densities, mainly cathode activation polarization resistance controls the shape of I/V curve for thin-film SOFC. For nanocomposite cathodes demonstrating a high rate of surface oxygen exchange, it can be controlled by oxygen adsorption and diffusion along the perovskite-fluorite interface [18] . Both oxygen desorption from LSM surface at 800 o C and low activation energy for such diffusion surface/interface diffusion could explain such overlapping of initial parts of I/V curves.
Further improvement of the cell performance is expected to be achieved via optimization of the chemical composition of electrolytes and functionally graded cathodes [16] . Detailed studies on the fuel utilization in the cell stacks are required as well. 
Figure 10. Cross-section of cell supported on NiAl substrate.(1)-(3) -graded Ni-YSZ anode in the substrate's pores; (4) 8YSZ electrolyte; (5) LSM-1Sc10CeSZ cathode interlayer.
attractive for the SR processes in the moderate temperature range (600-800 o C) due to combination of suitable pore structure, high thermal conductivity, robustness, corrosive resistance and compatibility with supported active components. Results of studies are described in detail in book chapters [21, 22] and papers [13] [14] [15] 23] , and a brief summary is given below. foam. After joining the layers by brazing, the graded substrate was subjected to pack aluminizing. More preparation details can be found in Ref. [19, 20] .
Reforming of natural gas
It was demonstrated [20] ) loaded with 5.3% wt.% of nanocomposite 50%LaMnPr+30%NiO+20%YSZ promoted by 0.85 wt.% Ru [22] . Analysis of methane steam reforming kinetics was based on a 13-step mechanism of H 2 ; CO and CO 2 formation with three rate determining reversible macrosteps:
steam reforming, water-gas shift and complex shift reaction following Xu and Froment [24] . A good agreement between experimental and simulated data was found (Figure 14) , hence, the heat-and mass transfer effects can indeed be neglected due to a high thermal conductivity and developed macroporosity of Ni-Al foam substrates.
Results of natural gas steam reforming on stacks and contact time hydrogen concentration in the effluent is nearly identical [21] . This agrees with conclusion that the heat and mass transfer does not affect the performance of these structured catalysts, which is rather good providing >45% H 2 in the effluent. Hence, in general, the structured heat conductive supports look attractive for the in-cell steam reforming to ensure an efficient heat management.
Direct testing of the fuel cell working in the mode of internal CH 4 steam reforming with developed structured catalysts on Ni-Al foam substrate was carried out in frames of FP6 SOFC 600 Project with partners from ECN (Netherlands) [15, 21, 22] . to 55% with the current increase from 0 to 4 A.
Reforming of biofuels
NiAl foam supported catalysts with the same types of nanocomposite active components were also tested in the biofuel steam and autothermal reforming [14, 21] . Some typical dependencies are presented in Figures 18-20 . The testing was performed in the stainless steel flow reactor equipped with a specially designed Fechralloy honeycomb heated by electric current for evaporation and mixing of water and liquid biofuel [14] . 
